Weaning patients from mechanical ventilation in the intensive care unit can be difficult. In patients requiring prolonged ventilatory support it has been demonstrated that conventional weaning criteria are frequently incorrect. In this group measurement of respiratory work may be of benefit. Until recently, estimation of the work of breathing in patients receiving mechanical ventilation was logistically difficult. The availability of a computerized bedside monitoring device potentially allows easier estimation of the work of breathing at the bedside. The results of preliminary studies utilizing such monitoring are provocative: they highlight the phenomenon of nosocomial respiratory failure and challenge our clinical ability to determine patient workloads and timing of extubation. The potential benefits of work of breathing measurement, in particular the avoidance of respiratory muscle fatigue, earlier extubation, reduced duration of mechanical ventilation, reduction in ICU and hospital length of stay, and most importantly, a reduction in patient morbidity are yet to be demonstrated and concerns still exist about the monitor's accuracy.
In the last decade, there has been growing interest in the estimation of the work of breathing in mechanically ventilated patients, particularly as an aid to weaning. This interest has evolved in parallel with the use of ventilatory modes that provide partial support, such as pressure support ventilation. The advocates of ventilatory therapy guided by work of breathing estimation believe the potential exists for more rapid weaning, prevention of muscle fatigue, and reduction in ICU stay and hospital costs. Measurement of the work of breathing in mechanically ventilated critically ill patients is not widely performed and has generally been restricted to research centres. Recently, computerized bedside monitoring of work has become commercially available and is designed for everyday clinical use. Such a device potentially allows the easy, accurate and reliable estimation of work of breathing and respiratory mechanics at the bedside. Accordingly, this review presents the physiological basis of work of breathing measurement and reviews the role of work of breath-ing estimation in the management of patients requiring ventilatory support in the intensive care unit.
WORK OF BREATHING
The work of breathing has been described as the work necessary to overcome the "afterload" imposed on the respiratory system 1 . This work is performed by the respiratory muscles during spontaneous ventilation, by the ventilator during controlled ventilation, or by both during partial ventilatory support. In order to understand the work of breathing one needs to understand the physical concept of work. In the simplest form, work is performed when an applied force moves its point of application a given distance. This is described by the equation:
Work=Force x Distance
When applied to the respiratory system, work is performed when a pressure P (force divided by area) changes the volume V of the system (distance times area). This is described by the equation:
Work=Pressure x Volume
The SI unit for work is the joule. The work of breathing is, by convention, normalized to volume and reported as joule/litre. In contrast, power is work per unit time and reported as joule/minute. The principal physiological components of the work of breathing are (1) elastic (work performed on the tissue of the lung and chest wall when a change in volume occurs) and (2) flow-resistive (work performed to overcome airway, tissue and viscous resistance to gas flow). Inertial forces, dependent on the mass of the respiratory system and its gases, also exist, but inertial work has generally been considered to be small 2 . Furthermore distorting forces of the chest wall and the abdomen are probably only significant at the high levels of ventilation seen during strenuous exercise 3 . In critically ill patients, an additional component of the work of breathing exists: the imposed work of breathing (WOBi). Such WOBi occurs in patients receiving partial ventilatory support. It is the additional work performed because of having to breathe through the breathing apparatus, which consists of the endotracheal or tracheostomy tube, the breathing circuit and the ventilator. In general, during quiet breathing the work of breathing is performed completely by the inspiratory muscles. Expiration is usually passive. Energy, however, is still required for expiration. During inspiration, work performed by the inspiratory muscles is spent overcoming the forces opposing inspiration and, in addition, some work is stored as potential energy in the chest by distension of elastic elements. It is this potential energy that is used for expiration. Such energy is utilized to overcome the flow-resistive work of expiration, with the remainder dissipated as heat. Active expiration can exist, for example in Chronic Obstructive Pulmonary Disease (COPD), asthma and during exercise. Two approaches are available to measure the work of breathing in mechanically ventilated patients. The first involves an assessment of the metabolic activity of the respiratory system by determination of the oxygen cost of breathing, and the second, an assessment of the actual mechanical work of the respiratory muscles.
Determination of the oxygen cost of breathing
The oxygen cost of breathing (O 2 COB) is the difference between total body oxygen uptake (VO 2 ) during controlled ventilation, with the respiratory muscles at rest, and VO 2 during spontaneous breathing. The total work of breathing can then be calculated indirectly with measurement of the O 2 COB and assuming a given value for the efficiency of such work 4 with efficiency being expressed by the following equation.
Useful work Efficiency %= Total energy expended An approach based on O 2 COB is potentially attractive because traditionally, measurement of oxygen consumption at the bedside has been much less complex than measurement of mechanical work. A number of problems however, have been identified when VO 2 based methods are used to calculate the work of breathing 3 . In critically ill patients, the O 2 COB may represent only a small percentage of VO 2 . VO 2 itself can change rapidly as the metabolic status of the patient changes. VO 2 can be estimated indirectly from cardiac output and arteriovenous O 2 content difference using the Fick method, or directly by systems that are capable of continuously monitoring pulmonary gas exchange in ventilated patients. Calculation of VO 2 , particularly from data obtained by the use of a pulmonary artery catheter, may be subject to technical errors and excludes lung VO 2 . Estimates of work of breathing efficiency also vary widely. In normal subjects, such efficiency is believed to be approximately 8 to 10% but ranges from 1 to 25% are reported 5 . Changes in VO 2 therefore, cannot be reliably equated to changes in oxygen consumption by the respiratory muscles and thus are not an accurate measure of the work of breathing.
Energy may be consumed without work being performed. The pressure time product (PTP) is another estimate of metabolic work of the respiratory muscles. It will detect and measure any energy expended by isometric contraction of the respiratory muscles. Such contraction may occur when patients overcome intrinsic PEEP (PEEP i ) or a demand valve. PTP may be measured as the integral of oesophageal pressure and time for the duration of contraction of the respiratory muscles. PTP may reflect a patient's muscular effort more accurately than work when high levels of PEEP i occur 6 .
Measurement of the mechanical work of breathing
The total work of breathing is estimated more commonly and accurately by measurement of pressure and volume over time. Work is calculated by integration of the change in pressure with respect to volume. Volume is calculated from the integration of a flow signal. The site of pressure measurement and the mode of ventilation influence measurement of the work of breathing 7 . Measurement of oesophageal pressure (P ES ) is typically used as an estimate of intrapleural pressure (P PL ). Simultaneous measurement of airway pressure (P AW ) allows estimation of the transpulmonary pressure (P ES -P AW ). The pressure being integrated defines the aspect of work being measured; airway pressure includes work done on the lungs, chest wall and respiratory apparatus, transpulmonary pressure work done on the lungs alone and transthoracic (P ATM -P PL ) pressure work performed on the chest wall.
In an anaesthetized and paralysed patient, the total mechanical work is relatively easy to measure and is obtained by calculating the area enclosed within a pressure volume loop ( Figure 1 ). Measurement of the work of breathing in anaesthetized paralysed patients is, however, clearly not representative of the work performed in patients receiving partial ventilatory support or who are breathing spontaneously. This is because, in the anaesthetized and paralysed subject, the ventilator determines the breathing pattern. In addition, anaesthesia and paralysis also affect respiratory mechanics 8 . In 1958, Campbell published a method of measurement of the mechanical work of breathing in a spontaneously breathing subject 9 . This classic description forms the basis for most assessments of the mechanical work of breathing.
The method involves the construction of a pressure-volume diagram ("The Campbell Diagram") and subsequent quantitative analysis. Campbell's work, in turn, is based upon the earlier work of Roher in 1916 and Fenn 11 . Since pressure multiplied by change in volume equals work, the areas on such a diagram may be used for the calculation of work of breathing. To understand the construction of the Campbell's pressure-volume diagram however, it is first necessary to review the relaxation airway pressure curves of the respiratory system and its components-the lung and the chest wall. The relaxation pressure volume curve is constructed by having a subject inspire or expire to a certain volume. The airway is then occluded and the subject relaxes their respiratory muscles. The resultant pressure is recorded.
From Figure 2 it can be seen that these curves are linear about functional residual capacity and that their slopes can be represented by a simple linear function. Such linear function is the total compliance of the system, defined as the change in volume produced by a unit change in pressure. This value has the units ml/cm H 2 O. Compliance values can be derived for the total respiratory system C TOT and its individual components, the lung, C L and the chest wall, C CW .
In Figure the linear portion of the curve of static intrathoracic pressure (P TS ) is displayed. P TS is the intrathoracic pressure when the alveolar pressure is zero. There is therefore no airflow. The elastic recoil of the lung pulling inward on the chest wall produces the static intrathoracic pressure. This pressure, under these conditions, is equal and opposite in sign to the relaxation pressure of the lung such that P TS +P EL L =0. The P TS curve and lung relaxation curves are thus mirror images of each other. This fact is utilized in the subsequent construction of the Campbell diagram.
THE CAMPBELL DIAGRAM 1. Construction of the Campbell Diagram
Figures 4, 5, and 6 are redrawn from the original work of Campbell 9 . Their figures were constructed from experimental data from one normal subject and were first published in Campbell's text. As mentioned previously, P EL L =-P TS . Thus a diagram can be constructed where pressures, and hence work, on the lung appear on the same side of the ordinate as those performed on the chest wall. Figure 4 demonstrates the pressure-volume diagram during quiet inspiration. Figure 5 demonstrates the pressure-volume diagram during quiet expiration. Volume refers to volume above FRC. In Figure 4 , the area AIBA represents the flow-resistive work performed during inspiration. The amount of this work depends on flow resistance and the rate of movement of gas and tissues. Similarly, in Figure 5 the area AEBA is the flow-resistive work performed during expiration. In Figure 4 the area ABCA represents elastic work during inspiration. Some of this elastic work is stored as potential energy. As mentioned previously, this potential energy is utilized during expiration. It provides the forces required for the flow-resistive work of expiration and for the negative (also called pliometric) work being performed on the inspiratory muscles. The areas ABCA in Figures 4 and 5 negate each other with no net work being performed. There is however, a metabolic cost. The areas ACDFA demonstrate the work performed by the chest wall on the lungs during inspiration and by the lungs on the chest wall during expiration. Again the net work is zero but there is no metabolic cost incurred. If Figures 4 and 5 are combined, the area AIBCA ( Figure 6 ) describes the total metabolic cost (joules). It can therefore be seen that measurement of the area enclosed within a pressure-volume loop alone significantly underestimates the work of breathing, since only the flow-resistive work of inspiration and expira- The area ABCA represents elastic work performed by the respiratory muscles: this is used partly during inspiration and also stored as a potential energy for subsequent use in expiration. Redrawn from Campbell 7 . tion is determined. The majority of the area AIBCA is not calculated and only a small part of the total elastic work is measured. Accurate measurement of the chest wall relaxation pressure curve, and therefore chest wall compliance, is critical for the determination of the total mechanical work of breathing. The chest wall compliance directly affects the amount of elastic work performed. Approximations to infer elastic work 12 underestimate the elastic work of breathing. Chest wall compliance must be measured.
Critique of the Campbell Diagram
The Campbell diagram allows the calculation of mechanical work and metabolic cost of breathing performed during either spontaneous breathing or partial ventilatory support. A number of problems have been identified with this model. It relies on the estimation of intrapleural pressure from intraoesophageal pressure, it neglects the non-elastic resistance of the chest wall, the additional elastic work required as a result of distortion of the chest wall from its resting configuration and the effects of inertial forces and thoracic gas compressibility. These criticisms have to be addressed and the clinical significance of these potential errors understood if Campbell's model is to be applied to patient care.
The measurement of oesophageal pressure as an estimation of intrapleural pressure was suggested 70 years ago 13 . Since then, investigators have compared the two pressures directly (with the creation of a small pneumothorax) [14] [15] [16] and demonstrated good agreement except in the supine position. Despite P ES being a poor reflection of absolute P PL in the supine position, the change in magnitude (∆P ES ) is an accurate reflection of change in pleural pressure (∆P PL ). It is the change in P ES that is used in work of breathing calculations. The position of the oesophageal balloon is also important, the middle third of the oesophagus being the most reliable site 17 . Confirmation of correct position is performed by the "occlusion test" described by Bayder et al 18, 19 . In their first study, patients performed three to five spontaneous occluded inspiratory efforts. If the ∆Poesophageal/∆Pmouth ratio was close to unity the balloon was considered to be in a satisfactory position. These investigators compared this approach to previously accepted techniques 17 and demonstrated that even in the supine position, the balloon can be repositioned in such a way that the DP ES /DP M ratio is close to unity. Using this test, it is possible to estimate intrapleural pressure from oesophageal pressure in all body positions and at different lung volumes.
No current method of measuring the mechanical work of breathing is capable of determining the non-elastic resistance of the chest wall in the spontaneously breathing patient. This is because those muscles that perform the work constitute part of the chest wall, and hence cannot be separated from the load upon which they work. Non-elastic work performed on the chest wall has therefore been ignored in studies on the work of breathing. The Campbell diagram does not measure the work performed in overcoming inertial forces. The inertial forces of the respiratory system appear to be small 20 . Their magnitude is greatest at extremes of volume and flow change. No studies of inertial work exist and it is generally ignored 20 .
The work due to chest wall distortion has been estimated 21 . Goldman and colleagues compared work of breathing estimated from the Campbell diagram with mechanical work derived from separate rib cage and abdominal volume-pressure tracings. They found that at low ventilation, the chest wall configuration is similar to the passive configuration, there is little distortion of the chest wall and estimation of work with Campbell's diagram compares favourably with that obtained from separate pressure-volume tracings of the rib cage and abdomen. At high levels of ventilation such as those seen during exercise (50-100 l/min), the Campbell diagram may underestimate work by up to 25%. These levels of minute ventilation are rarely, if ever, seen in mechanically ventilated, critically ill patients. Hence, even in our sickest patients with minute ventilation of 20-30 l/min, the Campbell diagram should provide reliable measurement of work of breathing.
As demonstrated in Figures 4 and 5, measurement of chest wall compliance is required for estimation of the work of breathing. In normal subjects, chest wall compliance is traditionally assumed to be of the order of 200 ml/cmH 2 O 22 . Alternatively, it can be derived from nomograms or directly measured. Direct measurement of chest wall compliance requires a "relaxed" patient. This can be achieved with (1) a trained subject who relaxes completely, (2) a sedated subject receiving mechanical ventilation, or (3) an anaesthetized, paralysed, mechanically ventilated patient. All three techniques are open to criticism as they all require the use of positive pressure ventilation that distributes ventilation differently from spontaneous breathing 20, 23, 24 . Inhalational anaesthetic agents also exert an effect on the chest wall 23, 25, 26 with the relative contributions of rib cage and abdominal displacement changing compared to the awake state. The addition of muscle relaxants, however, produces no further change in chest wall compliance 25, 26 . 565 WORK OF BREATHING IN THE CRITICALLY ILL Despite these problems, measurement of chest wall compliance is probably best achieved in a sedated or anaesthetized subject. In the critically ill patient with an artificial airway, measurement with sedation is the preferred method. Sedation (such as benzodiazepines) can be safely administered until hypnosis and relaxation occurs. Chest wall compliance can then be measured during passive mechanical ventilation. The chest wall compliance is the slope of a pressure-volume loop of oesophageal pressure and volume (Figure 7) . The importance of C CW measurement is emphasised by Banner 1 who reported the C CW of approximately 100 patients with respiratory failure. He found the average C CW to be 109±37 ml/cmH 2 O. This is considerably less than "normal" values. It is also possible that chest wall compliance will change over the duration of a patient's admission: increasing chest wall oedema, a change in abdominal pressure, or a patient with a cervical spinal cord injury. If a patient's C CW is not known and an approximation used, then a falsely low work of breathing measurement may be obtained.
WORK OF BREATHING MEASUREMENT AT THE BEDSIDE
The Bicore CP-100 Pulmonary Monitor (Allied Healthcare Products, Riverside, CA) is designed to allow easy determination of work of breathing at the bedside. This monitor contains software that provides automated measurement of ventilation, pulmonary mechanics, work of breathing and respiratory drive. An oesophageal balloon measures intraoesophageal pressure, and a pneumotachograph positioned between the Y-piece and the patient measures flow and airway pressure. Chest wall compliance is measured with the patient relaxed and the value is stored. Two work of breathing values are displayed: the ventilator work of breathing (WOB V ) and patient work of breathing (WOB P ). The WOB V is the integration of airway pressure times flow during mechanical ventilation and represents the "work" performed by the ventilator to inflate the entire system. The WOB P , derived by construction of a Campbell diagram, is the work performed by the patient. It has two parts, physiological and imposed. The imposed work of breathing is the work required to breathe through the breathing apparatus. This, for example, includes the ventilator, tubing, and the endotracheal or tracheostomy tube. By measuring pressure at the end of the ETT, the imposed work of breathing may be determined. The physiological work of breathing includes both the flow-resistive and elastic work performed on the lungs.
The accuracy of the CP-100 has been determined using a lung model 27, 28 . In the first study correlation between work measurement by the CP-100 and independent monitors was demonstrated to be excellent (r 2 =0.99, P<0.001). Similarly, using statistical methods described by Bland and Altman 29 , precision was found to be ±0.03 joule/l and bias -0.05 joule/l. This indicates excellent agreement between the two techniques. These results however have only been published in abstract form. Unfortunately the second study only validated the pneumotachograph and a technique for the measurement of imposed work. It did not determine the accuracy of the CP-100 in determining work utilizing oesophageal pressure. Such validation needs to be performed and published prior to widespread acceptance of the validity of CP-100 derived data.
Clinical applications of work of breathing measurement in the intensive care unit
With easier monitoring of work of breathing, there has been increasing interest in the role of such monitoring in the management of critically ill patients requiring mechanical ventilatory assistance. The majority of the work in this area has been performed by two groups of investigators from Florida: Banner and colleagues at the University of Florida and Kirton, Civetta and colleagues at the University of Miami. Together they have evaluated the CP-100 Pulmonary Monitor and described most of its potential uses in the mechanically ventilated patient. In general terms there are a number of potential applications of work of breathing measurement in the critically ill. These include (1) epidemiological assess- ment of the total and imposed work of breathing in critically patients, (2) assessment of the effect of mechanical ventilation prescribed to work of breathing estimation for both respiratory muscle training and the prevention of fatigue, and (3) as an aid to weaning patients from mechanical ventilation.
The majority of intensive care patients receive mechanical ventilation for less than 96 hours and are easily extubated using standard clinical criteria. Measurement of work of breathing is most likely to benefit those patients requiring prolonged mechanical ventilation. In this group, such measurement may allow the detection of unexpected imposed work of breathing and titration of ventilatory support to the maintenance of normal physiological work. This approach to mechanical ventilation may lead to a reduction in the incidence of disuse atrophy or of respiratory muscle fatigue. Such optimization of the work of breathing has the potential to decrease the duration of mechanical ventilation and intensive care stay.
If one is to ventilate critically ill patients within the physiological work of breathing, it is first necessary to define the normal work of breathing. In well adults, the work of breathing is approximately 0.5 joule/l 20,30 . Banner 1 quotes a clinically acceptable range of 0.3 to 0.6 joule/l. The "optimal" workload for critically ill patients is unclear. Marshall demonstrated that patients with chronic heart failure have increased work of breathing 31 . Similarly, McIlroy demonstrated that patients with emphysema 32 have a work of breathing which is slightly higher than normal. Importantly though, in this study, the work of breathing increased dramatically with increased minute ventilation. This increase in work of breathing was such that at a minute ventilation of 15 litres per minute, a patient with emphysema performed the same work as a normal subject breathing at 30 or 40 litres per minute. Minute ventilation of 10 to 15 litres per minute is common in patients with emphysema receiving mechanical ventilation. A work of breathing of 0.3 to 0.6 joule/l may be below the "normal" (albeit elevated) work of breathing in this group of patients. The above studies however, were performed in the early 1950s, with small numbers of subjects. More recently Brochard 33 found that patient work of breathing of 0.52±0.12 joule/l corresponded to optimal respiratory muscle load. In this study eight patients recovering from acute respiratory failure were investigated. Optimal muscle load was defined as the level at which maximal diaphragmatic activity occurred without fatigue. Electromyography (EMG) was used to detect fatigue. The ratio of the high and low frequency components of the EMG was calculated. A reduction to less than 80% of the initial value was defined as incipient diaphragmatic failure. The accuracy of this technique has been questioned 34 . In particular, it is now felt that fatigue can be present before a muscle shows signs of being unable to perform a task. Nonetheless, in the absence of more compelling data, maintenance of a normal level of work of breathing appears a reasonable therapeutic goal.
Imposed work of breathing: implications for weaning
As previously mentioned, the imposed work of breathing is that work performed by the patient to overcome the load imposed by the breathing apparatus. Imposed work of breathing (WOB i ) may occur with all modes of partial ventilatory assistance, all ventilators, all circuits, and in all patients. Such WOB i has been implicated as a cause of failure to wean and has been reported as being equal to or even greater in magnitude than physiological work [34] [35] [36] . In the spontaneously ventilating patient WOB i is measured by integration of a pressure-volume loop 7 . The integration of pressure change measured at the tracheal end of the endotracheal tube calculates the imposed work of breathing of the entire system. Integration of pressure change at the Y-piece of the breathing circuit allows calculation of the imposed work of the ventilator. Imposed work can be represented on a modified Campbell diagram (Figure 8) .
The imposed work of breathing of various ventilators, endotracheal tubes, CPAP circuits and triggering modalities has been studied [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] consistent. Imposed work may be significant, with endotracheal tubes having the greatest effect on flowresistive work 44 . In a prospective survey of the imposed work of breathing, Banner 50 found that the mean imposed work of breathing at zero pressure support was 0.6 joule/l. Pressure support, ranging from 5 to 22 cm H 2 O with a mean of 13.5 cm H 2 O, was required to offset such imposed work. The fact that only a small series has documented the magnitude of WOB i in the critically ill has helped maintain the traditional view that 5 to 10 cm H 2 O of pressure support is sufficient to offset any imposed work of breathing 51 . In a recent study 52 , our group determined the imposed work of breathing of three ventilators with a standard circuit. We found that up to 7 cm H 2 O was required to reduce the imposed work of breathing to negligible levels. In this study the subjects were not intubated, only the imposed work of the ventilator, humidifier and tubing was measured ( Figure 9 ). Nevertheless, significant pressure support was required to reduce the imposed work to nearly zero in this study. If, as is believed, the endotracheal or tracheostomy tube is the most important and significant contributor to additional resistive work 44 , these findings add support to the belief that WOB i is higher than traditionally thought.
Another source of imposed load has also been identified. Increased work of breathing may occur with ventilatory modes traditionally thought to rest the patient rather than provide the partial support associated with pressure support ventilation. These modes include synchronized intermittent mandatory ventilation (SIMV) and assist-control (AC) ventilation. During controlled mechanical ventilation in a relaxed patient, no inspiratory effort is made; the ventilator provides all necessary work. In assisted modes, inspiratory effort is required to trigger the ventilator. Patient effort however, does not stop. It continues during the machine breath. This has been demonstrated by Marini et al [53] [54] [55] . In these studies they showed that substantial patient work is performed during SIMV and AC. In one study 54 this was 33 to 50% of the work required to passively inflate the chest and on average accounted for 63% of the total work during spontaneous breathing even under what clinically appeared to be the most favourable ventilator settings. A decrease in inspiratory flow rate increased patient work further. The increase in patient work during SIMV compared to pressure support ventilation has recently been studied 56 . In patients receiving the same minute ventilation, same FiO 2 and PEEP, pressure support ventilation appears to reduce ventilatory work compared with SIMV.
As previously mentioned, imposed work of breathing may contribute to weaning failure. This is often manifested as tachypnoea and hence, the clinical appearance of excessive respiratory work. Two recent studies 34, 57 have attempted to determine the role of work of breathing estimation, and in particular the impact of imposed work of breathing, on weaning. In each of these prospective, descriptive studies the work of breathing was determined if the patient failed 568 C. J. FRENCH Anaesthesia and Intensive Care, Vol. 27, No. 6, December 1999 FIGURE 9: Ventilator imposed work of breathing. Imposed work was measured on three ventilators at 0, 5 and 7 cm H2O of pressure support. 7 cm H2O pressure support is required to reduce imposed work to negligible levels. Note the imposed work of breathing of ventilator A is greater than either the ventilators B or C at 0 cm H2O (median 0,6 vs 0.38 vs 0.34 P<0.0001). In addition, the imposed work was greater at 5 cm H2O with ventilator C compared with ventilator A (median 0.11 vs 0.05 P=0.016).
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a 20-minute CPAP trial. If the physiological work of breathing was not excessive (<0.8 joule/l), the patient was extubated despite tachypnoea (rate >30). In the first study 34 , 20 of 21 patients were successfully extubated, and in the second larger study involving 105 CPAP trial failures, 97 were successfully extubated despite a respiratory rate ranging from 32 to 56 breaths/min. The significance of these findings has been challenged 51 . It is argued that we should not necessarily assume imposed work of breathing is "bad", since there is evidence that the added resistance of the ETT mimics the increased work of breathing seen after extubation 58, 59 . Levy, in a blinded, descriptive evaluation of the accuracy of patient work of breathing, found that patient work of breathing was less accurate than conventional criteria in predicting successful extubation 51 . This study has been criticized, as appropriate Campbell diagram software was not used, individual chest wall compliance was not measured and imposed work of breathing was not calculated 60 . It is postulated that, had Levy differentiated patient work into the physiological and imposed components, his conclusions may have been different.
Further research is required to define the incidence and magnitude of the imposed work of breathing in the critically ill and its clinical significance. Indeed whether imposed work, imposed pressure time product (PTP IMP ) 61 or both should be measured is yet to be established. The level of imposed work will change depending on the flow rate and the change in airway pressure. Two patients on pressure support ventilation breathing on identical ventilators, with the same settings and through identical circuits can have different levels of imposed work if their inspiratory flow rates are different. In his case the PTP IMP may be more clinically useful in determining the energy cost of the imposed load. Nonetheless preliminary evidence suggests that imposed work of breathing may often be equal to or higher than the normal work of breathing, and that the level of pressure support needed to offset it could be greater than generally thought. These findings suggest a probable role of WOB i in producing CPAP trial failures. This, in turn, suggests that the significance of imposed work should be kept in mind when managing patients who are difficult to wean.
Work of breathing directed ventilatory therapy
In mechanically ventilated patients the workload of the respiratory muscles is in one of three states 1 . Respiratory muscles can be totally unloaded, partially loaded or loaded. Totally unloaded muscles are performing no work. Under these conditions, the ventilator performs all work. Totally loaded muscles perform all the work of breathing. This situation only occurs in spontaneously breathing patients receiving no pressure support. The most common scenario is that of partially unloaded respiratory muscles. Here both the patient's inspiratory effort and the ventilator contribute to the work. The overall workload is shared. Thus work of breathing estimation allows the titration of mechanical ventilatory support to reduce the "afterload" of the respiratory muscles. The patient may be totally rested or work to an appropriate level determined by the clinician.
Total rest has been advocated as treatment for fatigued muscles [62] [63] [64] . Fatigue will occur where there is an imbalance between supply (blood flow, oxygenation, nutrients) and demand (work of breathing) 65 . The treatment of fatigue therefore, involves optimization of energy supply and a reduction in the work of breathing. This can involve total rest of the respiratory muscles. A 24-hour period of complete rest has been advocated as a reasonable time to allow muscle recovery from fatigue 64 . Although it is possible to completely rest the respiratory muscles with mechanical ventilation, how such rest improves respiratory function, ventilatory failure, and symptoms is unclear 63 . Thus, a causal relationship between muscle rest and resolution of fatigue has not been established. It is however a reasonable and logical assumption that rest may relieve fatigue.
Partially unloading the respiratory muscles with pressure support ventilation has been advocated to avoid what Civetta has called nosocomial respiratory failure 36 . It has been compared to the afterload reduction provided by vasodilators to the failing heart 1 , with the output of the "ventilatory pump" increasing as its impedance (total compliance and resistance) decreases 66 . There are two potential advantages of titrating mechanical ventilation to work of breathing. They are the prevention of respiratory muscle fatigue from increased workloads and conversely, the prevention of muscle atrophy from low workloads. The level of pressure support required to achieve partial unloading of the respiratory muscles has been determined by the use of a commercially available monitor 67 . That this approach can be implemented easily at the bedside with the introduction of new monitoring techniques is not questioned; however no clinical studies exist to support the hypotheses that such monitoring reduces fatigue and atrophy. Clearly more research is required. If this mode of ventilation can reduce fatigue and atrophy, it may benefit the patient via reduced days of mechanical ventilation, a reduced duration of intensive care stay and a reduction in overall hospital costs.
Work of breathing and prediction of weaning outcome
Many criteria have been used to predict the success or failure of attempted weaning from mechanical ventilation. At the bedside these have included respiratory rate, level of oxygenation, assessments of strength such as the forced vital capacity, and calculation of minute ventilation. For the majority of patients who receive ventilatory support for a relatively short period of time (<72 hours), weaning and extubation are usually easily achieved 68 . It is the group of patients who receive prolonged ventilatory support during a protracted intensive care admission that can cause the greatest difficulty. Other criteria for weaning have therefore evolved and include airway occlusion pressure measurement 69 and the rapid shallow breathing index 70 . No criteria or group of criteria have been shown to be ideal 71 . It is not surprising therefore, that when discussing measurement of work of breathing in the critically ill, no one area is as controversial as its role in weaning patients from mechanical ventilation.
A number of investigators in the 1970s examined the role of work of breathing estimation in weaning 30, [72] [73] [74] . In these early studies, however, chest wall compliance was not measured and work was related to quantitative analysis of pressure volume loops. In addition, the threshold values of work (all of which differ ranging from 1.34 to 1.8 kg/min) were evaluated post hoc and were not tested prospectively. In one study 72 the threshold value had false-positive and false-negative rates of 13.8%. In a similar study, Fiastro 68 measured the work of breathing in 17 mechanically ventilated patients. Again this study is open to criticism since only the area of the oesophageal pressure volume loop was measured, underestimating the elastic work performed. These investigators reaffirmed that conventional weaning criteria are often successful in those requiring short periods of ventilation. In a small subgroup of six patients however, mainly with COPD or ARDS, both work per litre of ventilation and work per minute (power) were found to be important in predicting weaning outcome. Fleury and coworkers obtained a similar result 75 . In Fiastro's study however, a significant difference in respiratory rate existed between the group of patients rapidly weaned and those deemed to be ventilator dependent. This study has been criticized because of this difference, questioning whether complex measurements are really required 76 .
Patients with chronic obstructive pulmonary dis-ease (COPD) are a significant percentage of the 15 to 20% of medical intensive care patients where weaning is a long and complex process. In the early 1980s it was recognized that dynamic hyperinflation and its associated intrinsic positive end-expiratory pressure (PEEP i ) play a key role in determining ventilator dependence in this group of patients. The value of work estimation in this group of patients has been questioned. As discussed earlier energy is spent overcoming PEEP i and the PTP may be a better indicator of energy utilization. Where PEEP i exists, discrepancy between work estimation and PTP can be demonstrated. Accurate determination of PEEP i requires the measurement of both oesophageal and gastric (intra-abdominal pressure). Expiratory muscle activity that persists up to the point of breath initiation can lead to an increase in end-expiratory pressure 77, 78 . The application of external PEEP has been demonstrated to reduce PEEP i and diaphragmatic PTP in patients with COPD who are mechanically ventilated 6 . Patients with COPD may have active abdominal expiration. Such abdominal muscle activity, whilst leading to an increase in apparent PEEP i , does not function in inspiratory threshold load 78 . The Bicore CP-100 monitor estimates PEEP i but does not measure gastric pressure. It has been used to estimate the effect of applied PEEP on the inspiratory threshold load in patients with obstructive airways disease 79 . This study demonstrated that applied PEEP titrated to PEEP i reduced the inspiratory workload as measured by the pleural PTP. The authors of this study argue that expiratory muscle activity did not play a major role in their study patients. If however, external PEEP is applied without considering expiratory muscle activity, it is possible excessive amounts of pressure may be applied that could be harmful. As discussed earlier, detection of imposed work of breathing may identify patients who can be successfully extubated but have failed a CPAP or T-piece trial. A yet more controversial area is that "protocolbased" monitored work of breathing weaning reduces ventilated days and saves hospital costs. To date, only three small series have been reported [80] [81] [82] . Gluck 80 studied 23 consecutive patients who were deemed ready to wean from mechanical ventilation. A weaning protocol, based upon work of breathing estimation, was shown to result in more aggressive weaning. Patients were on average weaned 1.68 days faster than according to a strict conventional protocol. Similarly, in a study of 31 patients 81 it was claimed that ventilatory support based on work of breathing estimation has the potential to reduce the duration of 570 mechanical ventilation by 50%. In the only prospective, randomized study reported, Rouben et al 82 demonstrated a statistically significant decrease in ventilator-dependent days, (6.22 vs 9.25; P=0.044), in a group of 17 patients following coronary artery bypass graft surgery who failed to wean within 48 hours. These investigators also found significant reductions in duration of ICU stay and hospital length of stay. The direct implications of these findings are reduced patient morbidity and reduced hospital costs. Clearly, larger prospective, randomized studies are required to confirm this result before widespread acceptance of work of breathing directed weaning occurs.
CONCLUSION
Measurement of the work of breathing in the critically ill patient has generally been neglected in the past, primarily because of the complex methodology required to obtain accurate and reliable results. Such measurements have until recently been performed mainly by physiologists, with only a small number of clinical investigators in the critical care area 33, 42, [53] [54] [55] 68, 83, 84 . With the availability of computerized bedside monitoring, easier determination of the work of breathing is now available. Weaning patients from mechanical ventilation in the intensive care unit can be difficult. No clinician wishes to prolong ventilatory support unnecessarily or extubate prematurely, subjecting the patient to the risks of reintubation. Even the most ardent proponents of work of breathing estimation recognise that conventional weaning parameters (e.g., respiratory rate, minute ventilation etc.) have reasonable predictive value in the short-term ventilated patient 85 . In patients requiring prolonged ventilatory support however, it has been demonstrated that conventional weaning criteria are frequently incorrect. It is in this group where measurement of respiratory work may be of benefit. These measurements however, are not designed to replace or exclude existing clinical criteria but they should be regarded as supplementing them. The results of preliminary studies utilizing commercially available monitoring are provocative. The validation of such monitors has not been satisfactorily addressed. Nevertheless attention to the phenomenon of nosocomial respiratory failure has been raised and our clinical ability to determine patient workloads and timing of extubation challenged. The potential benefits of work of breathing measurement, in particular the avoidance of respiratory muscle fatigue, earlier extubation, reduced duration of mechanical ventilation, reduction in ICU and hospital length of stay, and most importantly, a reduction in patient morbidity, are yet to be conclusively demonstrated. At this stage however, with improved understanding and potentially easier measurement of work of breathing in the critically ill, mechanically ventilated patient, prospective randomized controlled studies can be performed to define the role of work of breathing monitoring in the management of critically ill patients.
